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 2 
Abstract 1 
Linear relationships between regional water quality and catchment characteristics (terrain, 2 
land cover, geology, base flow index and rainfall) are examined for rivers in North West 3 
England using a GIS-based approach and an extensive Environment Agency water quality 4 
database. The study considers the role of diffuse and distal point sources on river water 5 
quality. The results show that base cation concentrations are strongly linked to catchment 6 
terrain and land cover, while pH is linked to bedrock geology and land cover. Mean nitrate 7 
concentrations are most strongly related to arable cover, although distal point sources in urban 8 
and rural catchments appear to have a significant effect on river nitrate concentrations in the 9 
region. Orthophosphate and suspended sediment concentrations are most closely related to the 10 
percentage urban development. Linear models are tested on a large independent water quality 11 
dataset, resulting in maps showing predicted water quality across the region. The approach 12 
works well for the prediction of nitrate concentrations and other constituents which have 13 
predominantly diffuse sources. In contrast, the linear approach to predicting orthophosphate 14 
concentrations in North West rivers using catchment characteristics is problematic. The major 15 
influence of point sources may mask the effect of wider basin attributes on orthophosphate 16 
concentrations. Within-river processing of phosphorus may also explain why the relationship 17 
breaks down. Further work is needed to explain phosphorus contributions and variability in 18 
North West rivers, especially in the context of effective catchment management.   19 
 20 
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 3 
1. Introduction 1 
Excessive inputs of nutrients (nitrogen and phosphorus) to fluvial systems can lead to adverse 2 
biological effects including algal growth and changes in ecosystem function and diversity 3 
(Mason, 1996; Carpenter et al., 1998; Mainstone and Parr, 2002; Withers and Lord, 2002). 4 
High loadings of fine sediment to rivers and the subsequent accumulation on the channel bed 5 
can impact fish and invertebrates which rely on benthic habitats (Heany et al., 2001; 6 
Mainstone et al., 2008). Runoff from agricultural land and effluents from urban and industrial 7 
areas are major sources of nutrients and fine sediment in river systems (Vitousek et al., 1997; 8 
Hart et al., 2004; Jarvie et al., 2006; Ulen et al., 2007; Edwards and Withers, 2008; Neal et al. 9 
2010). The relative contributions from these diverse sources can vary significantly in space 10 
(e.g. Nedwell et al., 2002; Neal et al., 2008; Mainstone et al., 2008; White and Hammond, 11 
2009) and in time (e.g. Stutter et al., 2008; Bowes et al., 2009).  12 
 13 
The importance of water quality deterioration due to enhanced nutrient and contaminant 14 
inputs, and the need for effective targeting of mitigation approaches and river catchment 15 
management, has led to the development of a variety of water quality models. Several broad 16 
types of models exist depending upon requirements such as the spatial and temporal scale of 17 
application (Johnes and Heathwaite, 1997). Process-based nutrient export models, such as 18 
INCA (Integrated Nitrogen in Catchments; Whitehead et al., 1998), PSYCHIC (Phosphorus 19 
and Sediment Yield Characterisation In Catchments; Davidson et al., 2008; Stromqvist et al., 20 
2008) and SWAT (Soil and Water Assessment Tool; Arnold et al., 1998) are useful for 21 
retrospective evaluation and scenario analysis, but often need detailed parameterisation and 22 
extensive calibration (Merritt et al., 2003; Cherry et al., 2008). An alternative to these often 23 
complex models are simple „black box‟ empirical approaches, such as those based on nutrient 24 
export coefficients (Johnes, 1996; Jordan and Smith, 2005) and PIT (Phosphorus Indicators 25 
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 4 
Tool; Heathwaite et al., 2003). These models can be particularly useful for large-scale 1 
extrapolation, and for exploring how future changes in land use and/or fertiliser application 2 
may impact river water quality (e.g. Johnes et al., 2007). However, since they operate by 3 
applying an empirically-derived export value to each hypothesised source they do not lend 4 
themselves to new inferences about potential processes. 5 
 6 
A hybrid of these two approaches links river water quality to catchment characteristics or 7 
attributes, and employs statistical techniques for up-scaling. These models can shed light on 8 
potentially important drivers via the catchment characteristics incorporated in the model, but 9 
since they do not include complex and heterogeneous processes they can be applied over large 10 
spatial areas (Wade et al., 2004; Cherry et al., 2008). Developing water quality models based 11 
on the percentage surface area of a catchment covered by a particular characteristic was 12 
traditionally undertaken using mapping techniques (e.g. Lynch and Dise, 1985), but with the 13 
advent of GIS, the approach is much faster and has seen considerable development in recent 14 
years. GIS-regression based approaches have been used to explore controls on the 15 
distributions of riverine nutrient and sediment concentrations across varied geographical 16 
regions (e.g. Smith et al., 1997; Clark et al., 2004; Donohue et al. 2005; 2006; van de Perk et 17 
al., 2007; Siakeu et al., 2004; Davies and Neal, 2004; 2007; Helliwell et al., 2007; Alexander 18 
et al., 2008). It has also been used to investigate controls on surface water acidification (e.g. 19 
Hornung et al., 1995; Thornton and Dise, 1998; Vuoeuema and Forsius, 2008) and linkages 20 
between river metal and sediment levels and catchment attributes (e.g. Jarvie et al., 2002; 21 
Saikau et al., 2004). Although the GIS-regression approach has been widely used for 22 
producing statistical models of water quality, fewer studies have used the approach to 23 
generate spatial predictions of water quality at unmonitored points along the river network, 24 
especially in regions with mixed catchment settings. A variety of important legislative drivers 25 
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 5 
have been introduced to help mitigate surface water pollution, primarily the European Water 1 
Framework Directive (WFD) (European Parliament, 2000). Simple GIS-based statistical 2 
models of river water quality and associated spatial predictions are potentially highly useful 3 
for identifying river reaches at risk of failing to meet environmental objectives set by such 4 
legislation. This approach may provide a useful complement or alternative to those process-5 
based models currently in use for informing decisions regarding the targeting of measures to 6 
reduce river pollution. 7 
 8 
This paper explores empirical relationships between river water quality and a suite of 9 
catchment characteristics in North West England. This region is characterised by a wide range 10 
of land uses and catchment settings. It represents a mix from the urban heartlands of the 11 
industrial North West to upland rural areas of outstanding natural beauty, and consequently 12 
there is considerable variability in water quality. Within a GIS framework, linear relationships 13 
are used to predict river water pH and the concentrations of calcium, magnesium, nitrate-N, 14 
orthophosphate-P and suspended solids across the North West. Model outputs are validated 15 
using a large independent dataset. The aims of the study are to (1) identify broad-scale 16 
controls on river water quality, (2) provide insights into the relative importance of diffuse and 17 
distal point sources for chemical constituents of water quality, and (3) investigate the utility of 18 
GIS-regression based approaches for predicting river water quality in the North West. 19 
 20 
2. Study area 21 
North West England (Figure 1) is typified by the industrial cities of Manchester and Liverpool; 22 
the heartland of the 19
th
 century English Industrial Revolution. Although these urban and 23 
highly populated areas dominate large portions of the south of the region, large parts of the 24 
North West are rural. These include The Lake District located in Cumbria (Britain‟s largest 25 
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 6 
national park), the Forest of Bowland in Lancashire, the Pennine fringe to the east of the 1 
region, and intensive agricultural areas on the North West coast. Much of the bedrock geology 2 
is characterised by a variety of Carboniferous and Permian-Triassic sedimentary rocks. An 3 
exception to this is the Lower Palaeozoic metamorphic and volcanic rocks in the uplands of 4 
The Lake District. Steep slopes are typical of this upland region. Major rivers in the North 5 
West include the Irwell and Mersey in Greater Manchester, the Lune, Ribble and Wyre in 6 
Lancashire and the Eden and Duddon in Cumbria (Figure 1). These rivers provide major 7 
freshwater inputs to the Irish Sea. 8 
 9 
3. Methods 10 
3.1. Water quality data 11 
Calcium (Ca
2+
); magnesium (Mg
2+
); nitrate (NO3
–
-N); orthophosphate (PO4
3-
-P); and 12 
suspended solid (SS) concentrations, together with pH measurements, were acquired using 13 
databases of the Environment Agency (EA) of England and Wales. The EA sample rivers and 14 
streams at monthly intervals. Further details of the methods used by the EA are described by 15 
Neal et al. (1999). River monitoring data from the EA‟s routine monitoring programme for 16 
the period 1995 to 2001 were used in the study. This period was selected to ensure 17 
harmonisation with spatial datasets and to ensure that the monitoring period was the same 18 
across the North West region. Monitoring sites were only selected where more than 60 19 
readings were available for each determinand. Point sources (e.g. effluents from waste water 20 
treatment works) can have a major effect on river water chemistry at sites in close proximity 21 
to these inputs (Neal et al., 2008). At these locations there is potential for these inputs to mask 22 
relationships between river water chemistry and basin-wide attributes (Davies and Neal, 23 
2004). Therefore, monitoring stations located immediately downstream (within 500m) of 24 
Environment Agency consent to discharge sites (i.e. known point sources on the river network) 25 
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 7 
were not included in the selection. Catchments with a strong urban-industrial base and a high 1 
number of point sources were still included in the analysis, but these distal point sources are 2 
diffuse in nature („diffuse-point‟, c.f. Neal et al., 2004; 2008). From approximately 1500 EA 3 
monitoring sites across the North West region, the number of sites for each determinand that 4 
met the criteria was: 318 (Ca
2+
), 264 (Mg
2+
), 530 (NO3
–
-N), 566 (PO4
3-
-P), 562 (SS) and 620 5 
(pH) (Figure 1). The sites used in the analysis cover a wide range of catchment sizes, land 6 
uses, geology, rainfall, and water quality. For each of the determinands the arithmetic mean 7 
was calculated. 8 
 9 
3.2. Spatial datasets 10 
This study uses five spatial datasets. A description of each is provided below. 11 
 12 
3.2.1. Centre for Ecology and Hydrology (CEH) Wallingford Digital Terrain Model (DTM). 13 
Available as a 50 m (horizontal) and 0.1 m (vertical) resolution grid (Morris and Flavin, 14 
1990).  15 
 16 
3.2.2. Centre for Ecology and Hydrology (CEH) Land Cover Map 2000 (LCM2000). 17 
Available as a 25 m UK-wide grid. There are 26 land cover classes available in the LCM2000. 18 
These were aggregated into 12 new classes: Arable, Acid grassland, Bracken, Calcareous 19 
grassland, Exposed rock, Heathland, Improved grassland, Neutral grassland, Urban, Water, 20 
Wetland and Woodland.   21 
 22 
3.2.3. British Geological Survey (BGS) Bedrock Geology. Available as 1:625,000 scale data 23 
via the British Geological Survey Digital Geological Map of Great Britain (DiGMapGB). The 24 
large number of bedrock classes were aggregated to form 8 new bedrock classes: coal 25 
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 8 
measures, conglomerates, granites and lavas, limestones, shales, siltstones, sandstones and 1 
shales, and sandstones and mudstones. 2 
 3 
3.2.4. Base Flow Index (BFI). Available as a 1 km UK-wide grid of BFI values. BFI values 4 
range between 0 and 1 and indicate the ratio of base flow to total flow volume (Gustard et al., 5 
1992). 6 
 7 
3.2.5. Met Office Standard Annual Average Rainfall (SAAR). Available as a 1 km grid 8 
based on the average annual rainfall for the period 1961-1990.  9 
 10 
3.3. Spatial data analyses 11 
Catchments upstream of each of the selected monitoring sites were delineated using the DTM 12 
and the Deterministic Eight-Direction (D8) flow routing algorithm. This was performed in the 13 
Terrain Analysis System (TAS), a software package for performing spatial analysis operations 14 
for environmental applications (Lindsay, 2005). To ensure that catchment outlets were 15 
positioned correctly on the digital stream network, the advanced outlet repositioning approach 16 
(AORA) was used (Lindsay et al., 2008). Using the raster calculator function in TAS, the 17 
mean elevation, slope, aspect, BFI and rainfall were derived for entire extent of each 18 
catchment. The percentage of each of the land cover and bedrock classes were derived in the 19 
same way. 20 
 21 
3.4. Statistical methods 22 
To assess potential controls on mean river water quality, stepwise multiple linear regression 23 
(SMLR) analyses were performed. SMLR analysis identifies a subset of predictors (Table 1) 24 
that statistically contribute to explained variance on the response variable. Monitoring sites 25 
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 9 
were randomly separated into two groups, the first for model derivation, and the second for 1 
model validation. Given the greater uncertainty in model predictions at the catchment scale it 2 
is important to test model outputs on large independent validation datasets (Cherry et al., 3 
2008). Therefore, model development and validation datasets were split into two equal sized 4 
groups (see section 3.1 for the number of sites for each determinand).  In both groups a wide 5 
range of catchment characteristics and sizes were included, as well as a good spatial 6 
distribution of sites (Figure 1). Error was assessed for each set of values of the independent 7 
variables by visual examination of residuals and by diagnostic indices. Plots of the estimates 8 
of the dependent and standardised residuals were also constructed to test for homoscedasticity. 9 
To assess multivariate collinearity, tolerance and variance-inflation factor (VIF) statistics 10 
were also assessed. These build in the regressing of each independent variable on all others. 11 
Regression models for the determinands were tested by comparing observed mean values with 12 
the predicted mean values for the second independent group of sites. All statistical analyses 13 
were performed in JMP v8 (SAS). 14 
 15 
3.5. Spatial predictions of water quality 16 
There are a variety of GIS-based methods for interpolating and visualising the value of an 17 
attribute at un-sampled locations (Burrough and McDonnel, 1998). Visualisation of model 18 
outputs for large regions requires spatial aggregation. Approaches for aggregation include: 19 
regular grid sizes (e.g. Jordan et al., 1994; Daly et al., 2002; Brazier et al., 2004; Stromqvist et 20 
al., 2008); regular intervals on the stream network (e.g. Davies and Neal, 2004); hydrological 21 
response units (e.g. Cooper et al., 2000; 2004); and catchments/sub-catchments (e.g. Kernan 22 
et al., 2001; Wade et al., 2001; Evans et al., 2006). Visualisation of water quality predictions 23 
at the scale of major catchments in the North West region was initially considered, but 24 
rejected since these large-scale catchments would mask small-scale variations in catchment 25 
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characteristics. Predicted water quality was calculated and mapped for isobasins (similar sized 1 
sub-catchments; Lindsay et al., 2006) within the North West region. Isobasins were created using 2 
the DTM and the digital stream network. Within a GIS framework, the regression equations and 3 
spatial datasets were used to predict river water quality for each isobasin. 4 
 5 
4. Results 6 
4.1. River water quality and the geography of the North West 7 
There is considerable variability in land cover across the North West region (Table 2). River 8 
basins containing monitoring sites with >40% cover of arable land include the Mersey, Ribble, 9 
Wyre and Kent. The Mersey and Wyre basins also have sites with >60% urban cover. Within 10 
the Ribble and Eden basins there are monitoring sites with >80% improved grassland. There 11 
is a wide range of BFI values across the North West region. Values range from 0.22 (Mersey) 12 
to 0.84 (Eden): low values of BFI represent high “flashiness” of the catchment and low 13 
permeability of the system; higher values of BFI result in greater dampening of the rainfall 14 
signal and greater within-catchment storage. 15 
 16 
River basins with the highest overall mean Ca
2+
 and Mg
2+
 concentrations (>40 mg l
–1
 17 
and >7.5 mg l
–1 
respectively) are the Mersey, Ribble, Wyre and Eden. The Esk and Irt basins 18 
have overall mean Ca
2+
 and Mg
2+
 concentrations <2.5 mg l
–1
 and <1.2 mg l
–1 
respectively. pH 19 
values across the region are generally circumneutral, with the exception of low values (<4.5) 20 
at several monitoring sites within the Mersey basin. Nitrate concentrations at individual 21 
monitoring sites range from 0.19 mg-N l
–1
 at a site in the Eden basin to 48.9 mg-N l
–1
 at a site 22 
in the Mersey basin. The river basins with the highest overall mean NO3
–
 concentrations (>2 23 
mg-N l
–1
) are the Mersey, Ribble, Wyre, Kent, Wampool and Eden. The Leven, Esk and Irt 24 
have overall mean NO3
–
 concentrations <1 mg-N l
–1
. The highest mean PO4
3–
 concentration 25 
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recorded at an EA monitoring site is 4.62 mg-P l
–1
 (within the Mersey basin). The lowest 1 
PO4
3– 
concentration (0.002 mg-P l
–1
) occurs in the Eden and Leven basins. There is a wide 2 
range of suspended solid concentrations across the North West. Values at individual sites 3 
range from 2.87 mg l
–1
 in the Derwent basin to 110 mg l
–1
 at a site in the Mersey basin. 4 
 5 
4.2. Linkages between water quality and catchment characteristics 6 
Stepwise multiple linear regression (SMLR) analyses show that mean Ca
2+
 concentrations are 7 
negatively related to mean catchment slope and positively related to the percentage of 8 
improved grassland cover in the catchment, percentage urban cover, and percentage limestone 9 
bedrock (Table 3). Slope explains ~55% of the variance in mean Ca
2+
 concentrations, with an 10 
additional ~20% from improved grassland and limestone bedrock. Mean Mg
2+
 concentrations 11 
are also related to land cover and catchment geology. Magnesium concentrations are 12 
positively related to arable and urban cover, and negatively related to siltstone bedrock and 13 
rainfall. River water pH is related to catchment geology (hard weathering lithologies and 14 
limestone) and land cover (wetland and heathland). These geological and land cover variables 15 
explain 60% of the variance in mean pH values. Mean NO3
–
 concentrations are positively 16 
related to the cover of arable land, improved grassland and urban. Arable land explains ~40% 17 
of the variability in mean NO3
– 
concentrations across the North West. Orthophosphate 18 
concentrations are positively related to urban cover, arable cover, and catchment area. Only 19 
23% of the variance in PO4
3– 
concentrations can be explained by these characteristics, with 20 
urban cover contributing to ~15% of the variance. Suspended solid concentrations are related 21 
to urban cover, catchment terrain (slope and altitude) and bedrock geology (shales). Urban 22 
cover explains ~40% of the variance in mean suspended solid concentrations. 23 
 24 
 25 
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4.3. Model testing 1 
Overall, there is good agreement between observed and predicted Mg
2+
 and pH values (R
2
 = 2 
0.65 and 0.60 respectively; Figure 2). Predicted Ca
2+
 concentrations are generally in good 3 
agreement with observed concentrations, but the model under-predicts Ca
2+
 concentrations for 4 
a limited number of sites with observed concentrations between 60 and 90 mg l
–1
 (Figure 2a). 5 
The results reveal that the model for NO3
– 
-N is reasonable, but there is under-prediction of 6 
mean NO3
– 
-N for those sites with observed values >5 mg-N l
–1 
(Figure 2d). The results show 7 
that PO4
3–
 concentrations are significantly under-predicted for many sites (Figure 2e). For 8 
some sites there is an order-of-magnitude difference between observed and predicted PO4
3– 
9 
concentrations. There is also some over-prediction for some low P sites. Comparison of 10 
observed and predicted SS concentrations also shows under- and over- prediction (Figure 2f). 11 
 12 
4.4. Spatial predictions  13 
The regression equations (Table 3) were used to predict the river water quality of the isobasins 14 
created for the North West. Mapping the results (Figure 3) shows that the upland areas of 15 
Cumbria, the Forest of Bowland, and the Pennine fringe to the north and east of Manchester, 16 
and the east of the Eden, have low predicted mean concentrations of Ca
2+
 (<10 mg l
–1
), Mg
2+ 
17 
(<5 mg l
–1
),
 
NO3
–
 (<0.5 mg-N l
–1
),  PO4
3–
 (<0.05 mg-P l
–1
), SS (<0.05 mg l
–1
), and pH (<5.5). 18 
The predictions show that the lowlands of the North West have varied water quality. Elevated 19 
mean Ca
2+
, PO4
3–
 and SS concentrations (>80 mg l
–1
, >0.8 mg-P l
–1
 and >50 mg l
–1
, 20 
respectively) are predicted for some coastal areas of the Mersey, Ribble and Wyre basins, 21 
especially Liverpool and Preston (Figure 3). High mean Ca
2+
, PO4
3–
 and SS concentrations are 22 
also predicted for the Greater Manchester conurbation. Low Ca
2+
 and SS concentrations are 23 
predicted for parts of the Lancashire Plain, which is located in the lower reaches of the Ribble 24 
and Wyre. Predicted mean PO4
3–
 concentrations for this region range between 0.5 and 0.9 mg-25 
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P l
–1
. The Lancashire Plain has predicted high concentrations of Mg
2+
 and NO3
–
 (>50 mg l
–1
 1 
and >7 mg-N l
–1
 respectively; Figure 3). Much of the lower reaches of the Mersey and Eden 2 
basins have predicted mean NO3
–
 concentrations >3 mg-N l
–1
. 3 
 4 
5. Discussion 5 
5.1. Catchment drivers and pressures on water quality 6 
This analysis provides an assessment of the linkages between river water quality and 7 
catchment characteristics across North West England. For the major cations (Ca
2+
 and Mg
2+
) 8 
and river water pH there is considerable variability across the North West (Table 2). Previous 9 
studies have found the distribution of Ca
2+
 and Mg
2+
 concentrations in rivers and streams to 10 
depend strongly upon weathering of soil and bedrock geology (e.g. Robson and Neal, 1997; 11 
Thornton and Dise, 1998; Smart et al., 1998; Oguchi et al. 2000; Jarvie et al., 2002). In our 12 
study mean Ca
2+
 concentrations are mainly linked to slope (Table 2). Slope probably 13 
represents an aggregation of rainfall, soils, geology, vegetation and temperature (weathering). 14 
The lowest Ca
2+ 
concentrations occur at sites with steeper slopes. Higher precipitation, thinner 15 
soils and predominantly base-poor geologies at these locations explain the low mean Ca
2+
 16 
concentrations. The SMLR identified a link between mean Ca
2+
 concentrations and the cover 17 
of improved grassland. This may be due to leaching of Ca
2+
 from fertilised pastures where 18 
liming has been used to offset soil acidification (Cuttle and James 1995; Price, 2003). Sites 19 
where mean Ca
2+
 concentrations are under-predicted (Figure 2) generally occur in river basins 20 
containing intensive agriculture (Figure 4, Table 1). High fertiliser application and leaching of 21 
Ca
2+
 from these soils (Goulding and Blake, 1998) are a possible explanation for the elevated 22 
Ca
2+
 concentrations at these sites. Mean Mg
2+
 concentrations are linked to the percentage of 23 
arable and urban land cover (Table 3), both of which occur in the lowlands. Permian-Triassic 24 
sedimentary rocks dominate much of the North West lowlands, especially in the southern part 25 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 14 
of the region. It is likely that the elevated Mg
2+
 concentrations in the lowlands are due to 1 
underlying geology, rather than urban or arable land cover (Table 3). The model for pH 2 
performs well and the findings are consistent with similar studies (e.g. Smart et al., 1998; 3 
Thornton and Dise, 1998). The spatial prediction of pH (Figure 3) highlights low pH levels in 4 
the high altitude areas of the Lake District and the Pennines, and high pH in the lowland areas 5 
and the river valleys in the north of the region.  6 
 7 
The results of the analysis reveal that NO3
–
-N is related to arable cover and, to a lesser extent, 8 
the cover of improved grassland and urban (Table 3). This is in agreement with other studies 9 
(e.g. Thornton and Dise, 1998; Ferrier et al., 2001; Jarvie et al., 2002; Davies and Neal, 2007; 10 
Neal et al., 2008). Although the analysis reveals that mean NO3
–
 concentrations are mainly 11 
related to the extent of arable land, the highest observed NO3
–
 concentrations in the North 12 
West region occur in the urban and highly industrialised Mersey basin (Table 1). This area is 13 
characterised by a large number of waste water treatment works and other effluent discharges 14 
(Rothwell et al., 2010). Point sources have been shown to be major contributors to river NO3
–
-15 
N in urban environments (e.g. Davies and Neal, 2004; Meynendonckx et al., 2006). Sites 16 
where there is significant under-prediction of mean NO3
–
 concentrations (Figure 2) tend to 17 
occur in the low lying urbanised southern part of the region (Figure 4, Table 1). Point source 18 
inputs of sewage effluent may be significant and explain the elevated concentrations in these 19 
urban catchments. Interestingly, under-prediction of mean NO3
–
 concentrations also occurs in 20 
rural areas (Figure 4, Table 1). Point sources associated with rural settlement may explain the 21 
elevated observed NO3
–
 concentrations at these sites (Neal et al. 2006).  22 
 23 
The results indicate that mean SS concentrations are most strongly linked to urban cover, 24 
suggesting that anthropogenic sources are the major contributor to fine sediment delivery in 25 
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the North West. Ferrier et al. (2001) also found a strong link between urban catchments and 1 
suspended solids in Scottish rivers. Collins et al. (2008) show that sediment loss from point 2 
and diffuse urban sources can be significant, especially in heavily urbanised regions. Urban 3 
suspended sediment within the North West is likely to represent a mix of point (sewage or 4 
industrial effluent) and diffuse (runoff from roads, industrial areas or residential housing) 5 
sources. The challenge therefore is to evaluate the relative contributions from these diverse 6 
sources in the urban sector. Although the SMLR did not identify agriculture as a predictor of 7 
SS concentrations, it did identify slope and altitude as predictors (Table 3). In low-relief 8 
coastal locations in the North West, particularly the Ribble and Wyre (Figure 1), intensive 9 
agriculture is common. The spatial prediction identifies this zone as having elevated SS 10 
concentrations (Figure 3).  11 
 12 
Observed PO4
3– 
concentrations are highly variable across the North West (Table 1), but 13 
comparison of observed and predicted PO4
3– 
values reveals that the model fails to predict the 14 
very high PO4
3–
 concentrations (Figure 2). In a similar study, Davies and Neal (2007) also 15 
reported under-prediction of PO4
3– 
concentrations for locations immediately downstream of 16 
waste water treatment works. In our study, data from EA monitoring stations immediately 17 
downstream of known point source inputs were not included in the analysis in an attempt to 18 
avoid the potential for sewage effluent inputs to mask relationships between water quality and 19 
the catchment attributes. Sites where there is significant under-prediction of mean PO4
–
 20 
concentrations (Figure 2) occur in urban and rural areas of the region (Figure 4, Table 1). The 21 
results of this study suggest that „diffuse-point‟ source inputs (c.f. Neal et al., 2004; 2008), i.e. 22 
point sources at distal locations in a catchment, can still have a significant influence on river 23 
PO4
3– 
concentrations further downstream. Point sources in the North West appear to be of 24 
major importance with respect to PO4
3–
-P
 
enrichment in rivers and streams. This is consistent 25 
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with previous studies in other regions around the UK (e.g. Neal and Jarvie, 2005; Neal et al., 1 
2005; Jarvie et al., 2006; Neal et al. 2008; Jarvie et al., 2008). Despite the continued control 2 
of point source discharges associated with sewage effluent and improvements in treatment 3 
processes, this study clearly highlights that point sources still have a major effect of river 4 
nutrient levels in urban and rural catchments in the North West. The linear regression model 5 
also over-predicts PO4
3–
 concentrations at a large number of sites in the North West (Figure 2), 6 
especially in the southern part of the region (Figure 4). Variation in within-river processing of 7 
PO4
3–
-N (House, 2003; Withers and Jarvie, 2008), may also determine PO4
3–
 concentrations 8 
in North West rivers. Linkages between PO4
3–
-N and catchment characteristics start to break 9 
down when there are within-river losses. 10 
 11 
5.2. The utility of the catchment characteristic approach 12 
Water quality models using the catchment characteristic approach have been developed for 13 
many different environments and have proved to be highly successful in predicting variation 14 
in catchment water quality (e.g. Donohue et al. 2005; 2006; van de Perk et al., 2007; Davies 15 
and Neal, 2004; 2007; Helliwell et al., 2007). In this study it is clear that the approach works 16 
well for those water constituents derived from diffuse sources. Predicted NO3
– 
concentrations 17 
across the North West region highlight agricultural diffuse sources in coastal areas and 18 
nutrient poor locations in the uplands (Figure 3). Although a reasonable estimate of NO3
–
-N
 
is 19 
obtained, contributions from urban and rural point sources are likely to be under-represented 20 
in the spatial prediction. The overwhelming influence of point sources on river PO4
3– 
21 
concentrations makes it difficult to identify strong relationships with the catchment 22 
characteristics investigated. The empirical approach could be refined by combining the 23 
physical catchment characteristics with information on discharge consents and population 24 
density, and by combining  PO4
3– 
concentration data with river discharge. Non-linear 25 
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approaches could also be used to identify sites with different controls on PO4
3– 
concentrations. 1 
Albeit, the spatial prediction of mean PO4
3–
 concentrations in North West rivers (Figure 3) 2 
serves as a broad indication of areas at risk of elevated PO4
3–
 concentrations. A combination 3 
of the catchment characteristic approach together with models such as PSYCHIC (Davidson 4 
et al., 2008; Stromqvist et al., 2008) or the Load Apportionment Model (Bowes et al., 2008; 5 
2009) may provide a better understanding of phosphorus variability in North West rivers.  6 
 7 
6. Conclusion  8 
This study indicates that models based on catchment characteristics can be very useful for 9 
regional prediction of pH and the concentrations of Ca
2+
 and Mg
2+
 in rivers, and appear a 10 
reasonable first approach for predicting mean NO3
–
-N and suspended solids concentrations. 11 
The results show that mean NO3
–
 concentrations in North West river basins are mainly linked 12 
to diffuse agricultural inputs, but that point source inputs are also significant in urban and 13 
rural catchments. The results show that distal point sources within a catchment can play a 14 
major role in influencing river PO4
3– 
concentrations further down the river network. High 15 
concentrations of PO4
3–
 at some sites associated with point sources may disproportionately 16 
influence underlying relationships with catchment characteristics. More work is needed to 17 
fully evaluate nutrient sources and dynamics in North West rivers, especially in the context of 18 
catchment management and the growing pressure for increased housing and associated 19 
requirements for sewage treatment.  20 
 21 
Acknowledgements 22 
The authors gratefully acknowledge funding provided by Dalton Research Institute, 23 
Manchester Metropolitan University and Manchester Geographical Society. Thanks also go to 24 
the Environment Agency for supplying water quality data, John Lindsay for technical support 25 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 18 
with TAS and Trevor Page for helpful discussions. We would also like to thank Marcel van 1 
der Perk and one anonymous reviewer for helpful comments on a previous version of the 2 
manuscript. 3 
 4 
References 5 
Alexander, R.B., Smith, R.A., Schwarz, G.E., Boyer, E.W., Nolan, J.V., Brakebill, J.W., 2008. 6 
Differences in phosphorus and nitrogen delivery to the Gulf of Mexico from the Mississippi 7 
River Basin. Environ. Sci. Technol. 42(3), 822-30. 8 
 9 
Arnold, J.G., Srinivasan, R., Muttiah, R.S., Williams, J.R., 1998. Large area hydrologic 10 
modeling and assessment. Part I: Model development. Water Res. Bull. 34, 73-89. 11 
 12 
Bowes, M.J., Smith, J.T., Jarvie, H.P., Neal, C., 2008. Modelling of phosphorus inputs to 13 
rivers from diffuse and point sources. Sci. Tot. Environ. 395, 125-138. 14 
 15 
Bowes, M.J., Smith, J.T., Jarvie, H.P., Neal, C., Barden, R., 2009. Changes in point and 16 
diffuse source phosphorus inputs to the River Frome (Dorset, UK) from 1966 to 2006. Sci. 17 
Tot. Environ. 407, 1954-1966.  18 
 19 
Brazier, R.E., Heathwaite, A.L., Liu, S., 2005. Scaling issues relating to P transfer from land 20 
to water. J. Hydro. 304, 330-342. 21 
 22 
Burrough, P.A., Mcdonnell, R.A., 1998. Principles of Geographical Information Systems. 23 
Oxford University Press, New York. 24 
 25 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 19 
Carpenter, S.R., Caraco, N.F., Correll, D.L., Howarth, R.W., Sharpley, A.N., Smith, V.H., 1 
1998. Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecol. Appl. 8, 559-2 
568. 3 
 4 
Cherry, K.A., Shepherd, M., Withers, P.J., Mooney, S.J., 2008. Assessing the effectiveness of 5 
actions to mitigate nutrient loss from agriculture: A review of methods. Sci. Tot. Environ. 406, 6 
1-23.  7 
 8 
Clark, M.J., Cresser, M.S., Smart, R., Chapman, P.J., Edwards, A.C., The influence of 9 
catchment characteristics on the seasonality of carbon and nitrogen species concentrations in 10 
upland rivers of Northern Scotland. Biogeochem. 68, 1-19. 11 
 12 
Collins, A.L., Anthony, S.G.. 2008. Predicting sediment inputs to aquatic 13 
ecosystems across England and Wales due to current environmental conditions. Appl. Geog. 14 
28, 281-294. 15 
 16 
Cooper, D.M., Jenkins, A., Skeffington, R., Gannon, B., 2000. Catchment-scale simulation of 17 
stream water chemistry by spatial mixing: theory and application. J. Hydrol. 233, 121-137. 18 
 19 
Cooper, D.M., Helliwell, R.C., Coull, M.C., 2004. Predicting acid neutralising capacity from 20 
landscape classification: application to Galloway, South West Scotland. Hydrol Proc. 18, 455-21 
471. 22 
Cuttle, S.P., James, A.R., 1995. Leaching of lime and fertilisers from a reseeded upland 23 
pasture on a stagnogley soil in Mid-Wales. Agric. Water Manage. 28, 95-112. 24 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 20 
Daly, K.,
 
 Mills, P., Coulter, B., McGarrigle, M., 2002. Modeling phosphorus concentrations 1 
in Irish rivers using land use, soil type and soil phosphorus data. J Environ. Qual. 31, 590-599.  2 
Davison, P.S., Withers, P.J.A, Lord, E.I., Betson, M.J., Strömqvist, J., 2008. PSYCHIC – A 3 
process-based model of phosphorus and sediment mobilisation and delivery within 4 
agricultural catchments. Part 1: Model description and parameterisation. J. Hydro. 350, 290-5 
302 6 
 7 
Davies, H., Neal, C., 2004. GIS based methodologies for assessing nitrate, nitrite and 8 
ammonium distributions across a major UK basin, the Humber. Hydrol. Earth Sys. Sci. 8, 9 
823-833. 10 
 11 
Davies, H., Neal, C., 2007. Estimating nutrient concentrations from catchment characteristics 12 
across the UK. Hydrol. Earth Sys. Sci. 11, 550-558.  13 
 14 
Donohue, I., Styles, D., Coxon, C., Irvine, K., 2005. Importance of spatial and temporal 15 
patterns for assessment of risk of diffuse nutrient emissions to surface waters. J. Hydrol. 304, 16 
183-192. 17 
 18 
Donohue, I., McGarrigle, M., Mills, P., 2006. Linking catchment characteristics and water 19 
chemistry with the ecological status of Irish rivers. Water Res. 40, 91-98 20 
 21 
Edwards, A.C.,Withers, P.J.A., 2008. Transport and delivery of suspended solids, nitrogen 22 
and phosphorus from various sources to freshwaters in the UK. J. Hydrol. 350, 144-153. 23 
 24 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 21 
European Parliament, 2000. Directive 2000/60/EC of the European Parliament and of the 1 
Council of 23rd October 2000 establishing a framework for Community action in the field of 2 
water policy, Official Journal 22 December 2000 L 327/1, Brussels: European Commission. 3 
 4 
Evans, C.D., Cooper, D.M., Juggins, S., Jenkins, A., Norris, D., 2006. A linked spatial and 5 
temporal model of the chemical and biological status of a large, acid-sensitive river network. 6 
Sci. Tot. Environ. 365, 167-185.  7 
 8 
Ferrier R.C., Edwards, A.C., Hurst, D., Littlewood, I.G., Watts, C.D., Morris, R.. Water 9 
quality of Scottish rivers: spatial and temporal trends. Sci. Total Environ. 265, 327-342. 10 
 11 
Goulding, K.W.T., Blake, L., 1998. Land use, liming and the mobilization of potentially toxic 12 
metals. Agric. Ecosyst. Environ. 67, 135-144. 13 
 14 
Gustard, A., Bullock. A., Dixon, J.M., 1992. Low flow estimation in the United Kingdom - IH 15 
Report 108.  16 
 17 
Hart, M.R., Quin, B.F., Nguyen, M.N., 2004. Phosphorus runoff from agricultural land and 18 
direct fertilizer effects: a review. J. Environ. Qual. 33, 1954-1972.  19 
 20 
Heaney, S.I., Foy, R.H., Kennedy, G.J.A., Crozier, W.W., O'Connor, W.C.K., 2001. Impacts 21 
of agriculture on aquatic systems: lessons learnt and new unknowns in Northern Ireland. Mar. 22 
Fresh. Res. 52, 151-163. 23 
 24 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 22 
Heathwaite, A.L., 2003. Making process-based knowledge useable at the operational level: a 1 
framework for modelling diffuse pollution from agricultural land. Environ. Model. Soft. 18, 2 
753-760. 3 
 4 
Helliwell, R.C., Coull, M.C., Evans, C.D., Davies, J.J.L., Norris, D., Ferrier, R.C., Jenkins, A., 5 
Reynolds, B. 2007. The role of catchment characteristics in determining surface water 6 
nitrogen in four upland regions in the UK. Hydrol. Earth Syst. Sci. 11, 356-371. 7 
 8 
Hornung, M., Bull, K.R., Cresser, M., Ullytee, J., Hall, J.R., Langan, S., Loveland, P.J. 1995. 9 
The sensitivity of surface waters of Great Britain to acidification predicted from catchment 10 
characteristics. Environ. Pollut. 87, 207–214. 11 
 12 
House, W.A. 2003. Geochemical cycling of phosphorus in rivers. Appl. Geochem. 18, 739–48. 13 
 14 
Jarvie H.P., Oguchi, T., Neal, C., 2002. Exploring the linkages between river water chemistry 15 
and watershed characteristics using GIS-based catchment and locality analyses. Reg. Environ. 16 
Change. 3, 36-50. 17 
 18 
Jarvie, H.P., Neal, C., Withers, P.J.A., 2006. Sewage-effluent phosphorus: A greater risk to 19 
river eutrophication that agricultural phosphorus. Sci. Total Environ. 360, 246-253.  20 
 21 
Jarvie, H.P., Withers, P.J.A., Hodgkinson, R., Bates, A., Neal, M., Wickham, H.D., Harman, 22 
S.A., Armstrong, L., 2008. Influence of rural land use on streamwater nutrients and their 23 
ecological significance. J. Hydro. 350, 166-186. 24 
 25 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 23 
Johnes, P.J., 1996. Evaluation and management of the impact of land use change on the 1 
nitrogen and phosphorus load delivered to surface waters: the export coefficient modelling 2 
approach.  J. Hydro. 183, 323-340. 3 
 4 
Johnes, P.J., 2007. Uncertainties in annual riverine phosphorus load estimation: impact of 5 
load estimation methodology, sampling frequency, baseflow index and catchment population 6 
density. J. Hydro. 332, 241-258. 7 
 8 
Jordan, C., Smith, R.V., 2005. Methods to predict the agricultural contribution to catchment 9 
nitrate loads: designation of nitrate vulnerable zones in Northern Ireland. J. Hydro. 304, 316-10 
329. 11 
 12 
Jordan, C., Mihalyfalvy, E., Garrett, M.K., Smith, R.V., 1994. Modelling of nitrate leaching 13 
on a regional scale using a GIS. J. Environ. Manage. 42, 279-298. 14 
 15 
Kernan, M., Allott, T.E.H., Battarbee, R.W., 1998. Predicting freshwater critical loads of 16 
acidification at the catchment scale: an empirical model. Water Air Soil Pollut. 105, 31-41. 17 
 18 
Lindsay, J.B., 2005. The Terrain Analysis System: A tool for hydro-geomorphic applications. 19 
Hydrol. Proc. 19, 1123-1130. 20 
Lindsay, J.B., Rothwell, J.J., Davies, H., 2008. Mapping outlet points used for watershed 21 
delineation onto DEM-derived stream networks. Water Resources Res. 44: W08442. 22 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 24 
Lindsay, J.B., Evans, M.G., 2006. Using elevation residual analysis for mapping peatland 1 
gully networks from LiDAR data. Proceedings of the International Symposium on Terrain 2 
Analysis and Digital Terrain Modelling. Nanjing, China. 3 
 4 
Lynch, D.D., Dise, N.B. 1985. Sensitivity of stream basins in Shenandoah National Park to 5 
acid deposition. U.S. Geological Survey Water-Resources Investigations Report 85-4115, 61. 6 
 7 
Mason, C.F., 1996. Biology of freshwater pollution. Longman, Harlow. 8 
 9 
Mainstone, C.P., Parr, W., 2002. Phosphorus in rivers - ecology and management. Sci Total. 10 
Environ. 282/283, 25-47. 11 
 12 
Mainstone, C.P., Dils, R.M., Withers, P.J.A., 2008. Controlling sediment and phosphorus 13 
transfer to receiving waters - a strategic management perspective for England and Wales. J. 14 
Hydrol. 350, 131-143.  15 
 16 
Merritt, W.S., Letcher, R.A., Jakeman, A.J., 2003. A review of erosion and sediment transport 17 
models. Environ. Model Soft. 18, 761-799.  18 
 19 
Meynendonckx, J., Heuvelmans, G., Muys, B., Feyen, J., 2006. Effects of watershed and 20 
riparian zone characteristics on nutrient concentrations in the River Scheldt Basin. Hydrol. 21 
Earth Syst. Sci. 10, 913-922. 22 
Morris, D.G., Flavin, R.W. 1990. A Digital Terrain Model for Hydrology. Proc. 4th 23 
International Symposium on Spatial Data Handling, University of Zurich, 250-262.
 
24 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 25 
Neal, C., Jarvie, H.P., 2005. Agriculture, community, river eutrophication and the Water 1 
Framework Directive, Hydrol. Proc. 19, 1895-1901. 2 
 3 
Neal, C., Jarvie H.P., Oguchi, T., 1999. Acid-available particulate trace metals associated 4 
with suspended sediment in the Humber rivers: a regional assessment. Hydrol. Proc. 13, 5 
1117-1136. 6 
 7 
Neal, C., Jarvie, H.P., Wade, A.J., Neal, M., Wyatt, R., Wickham, H., Hill, L., Hewitt, N., 8 
2004. The water quality of the LOCAR Pang and Lambourn catchments. Hydrol. Earth Sys. 9 
Sci. 8, 614-635. 10 
 11 
Neal, C., House, W.A., Jarvie, H.P., Neal, M., Wickham, H., Hill, L., 2005.  The water 12 
quality of the River Dun and the Kennet and Avon Canal. J. Hydrol. 330, 155-170  13 
 14 
Neal, C., Jarvie, H.P., Neal, M., Hill, L., Wickham, H., 2006. Nitrate concentrations in river 15 
waters of the upper Thames and its tributaries. Sci Total. Environ. 365, 15-32. 16 
 17 
Neal, C., Jarvie, H.P., Love, A., Neal, M., Wickham, H., Harman, S., 2008.  Water quality 18 
along a river continuum subject to point and diffuse sources. J. Hydrol. 350, 154-165.  19 
 20 
Neal, C, Jarvie, H.P., Withers, P.J.A., Whitton, B.A., Neal, M. 2010. The strategic 21 
significance of wastewater sources to pollutant phosphorus levels in English rivers and to 22 
environmental management for rural, agricultural and urban catchments. Sci. Total Environ. 23 
408, 1485-1500. 24 
 25 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 26 
Nedwell, D.B., Dong, L.F., Sage, A.S., Underwood, G.J.C., 2002. Variations of the nutrient 1 
loads to the mainland U.K. estuaries: correlation with catchment areas, urbanisation and 2 
coastal eutrophication. Estuar. Coastal Shelf Sci. 54, 951-970.  3 
 4 
Oguchi, T., Jarvie, H.P., Neal, C., 2000. River water quality in the Humber Catchment: An 5 
introduction using GIS-based mapping and analysis. Sci. Total Environ. 251/252, 9-26. 6 
 7 
Price, E., 2003. Lowland Grassland and Heathland Habitats. Routledge, London. 8 
 9 
Robson, A.J., Neal, C., 1997. A summary of regional water quality for eastern UK rivers. Sci. 10 
Total Environ. 194/195, 15-37. 11 
 12 
Rothwell, J.J., Dise, N.B., Taylor, K.G., Allott, T.E.H., Davies, H., Neal, C., 2010. A spatial 13 
and seasonal assessment of river water chemistry across North West England. Sci. Total 14 
Environ. 408, 841-855. 15 
Siakeu, J., Oguchi, T., Aoki, T., Esaki, Y., Jarvie, H.P., 2004. Change in riverine suspended 16 
sediment concentration in central Japan in response to late twentieth century human activities. 17 
Catena. 25, 231-254.  18 
Smith, R.A., Schwarz, G.E., Alexander, R.B., 1997. Regional interprestation of water quality 19 
monitoring data. Water Resour. Res. 33, 2781-2798.  20 
 21 
Smart, R.P., Soulsby, C., Neal, C., Wade, A.J., Cresser, M.S., Billett, M.F., Langan, S.J., 22 
Edwards, A.C., Jarvie, H.P., Owen, R., 1998. Factors regulating the spatial and temporal 23 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 27 
distribution of solute concentrations in a major river system in N.E. Scotland. Sci. Tot. 1 
Environ. 221, 93-110 2 
 3 
Strömqvist, J., Collins, A.L., Davison, P.S., Lord, E.I., 2008. PSYCHIC – A process-based 4 
model of phosphorus and sediment transfers within agricultural catchments. Part 2. A 5 
preliminary evaluation. J. Hydro. 350, 303-316 6 
 7 
Stutter, M.I., Langan, S.J., Cooper, R.J., 2008. Spatial and temporal dynamics of stream water 8 
particulate and dissolved N, P and C forms along a catchment transect, NE Scotland. J. 9 
Hydrol. 350, 187-202. 10 
 11 
Thornton, G.J.P., Dise, N.B., 1998. The influence of catchment characteristics, agricultural 12 
activities and atmospheric deposition on the chemistry of small streams in the English Lake 13 
District. Sci. Total Environ. 216, 63-75. 14 
 15 
Ulen, B., Bechmann, M., Folster, J., Jarvie, H.P., Tunney, H., 2007. Agriculture as a 16 
phosphorus source for eutrophication in the north-west European countries, Norway, Sweden, 17 
United Kingdom and Ireland : a review. Soil Use Manage. 23,  5-15. 18 
 19 
Van der Perk, M., Owens, P.N., Deeks, L.K., Rawlins, B.G., Haygarth, P.M., Beven, K.J., 20 
2007. Controls on catchment-scale patterns of phosphorus in soil, streambed sediment, and 21 
stream water. J. Environ. Qual. 36, 694-708 22 
 23 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 28 
Vitousek, P.M., Aber, J., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler, D.W., 1 
Schlesinger, W.H., Tilman, G.D., 1997. Human alteration of the global nitrogen cycle: Causes 2 
and consequences. Ecol. Appl. 7, 737-750. 3 
 4 
Vuorenmaa, J., Forsius, M. 2008. Recovery of acidified Finnish lakes: trends, patterns and 5 
dependence of catchment characteristics. Hydrol. Earth Syst. Sci. 12, 465–478. 6 
 7 
Wade, A.J., Soulsby, C., Langan, S.J., Whitehead, P.G., Edwards, A.C., Butterfield, D., Smart, 8 
R.P., Cook, Y., Owen, R.P., 2001. Modelling instream nitrogen variability in the Dee 9 
catchment, NE Scotland. Sci. Total Environ. 265, 229-252. 10 
 11 
Wade, A.J., Neal, C., Butterfield, D., Futter, M.N., 2004. Assessing nitrogen dynamics in 12 
European ecosystems, integrating measurement and modelling: conclusions. Hydrol. Earth 13 
Syst. Sci. 8, 846-857, 2004 14 
White, P.J., Hammond, J.P., 2009. The Sources of Phosphorus in the Waters of Great Britain. 15 
J. Environ. Qual. 38, 13-26. 16 
Whitehead, P.G., Wilson, E.J., Butterfield, D., 1998. A semi-distributed nitrogen model for 17 
multiple source assessments in catchments (INCA): Part I-Model structure and process 18 
equations. Sci. Total Environ. 210/211, 547-558 19 
 20 
Withers, P.J.A., Jarvie, H.P. 2008. Delivery and cycling of phosphorus in rivers: a review. Sci 21 
Total Environ. 400, 379–95. 22 
 23 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 29 
Withers, P.J.A., Lord, E.I., 2002. Agricultural nutrient inputs to rivers and groundwaters in 1 
the UK: Policy, environmental management and research needs. Sci. Total Environ. 282/283, 2 
9-24. 3 
4 
  
Rothwell et al.  Predicting river water quality across North West England 
 
 30 
Figure captions 1 
 2 
Figure 1. Environment Agency river water sampling sites across North West England used in 3 
the study. Inset indicates the location of the North West region in Great Britain.  4 
 5 
Figure 2. Comparisons between observed and predicted river water quality for the 6 
independent validation dataset. (a) Ca
2+
 (mg l
–1
); (b) Mg
2+
 (mg l
–1
); (c) pH; (d) NO3
–
 (mg-N l
–
7 
1
); (e) PO4
3–
 (mg-P l
–1
); (f) suspended solids (mg l
–1
). The plot shows the regression line (solid 8 
red), 95% confidence limits (dashed red) and the 1:1 line (solid black).          9 
 10 
Figure 3. Maps of predicted river water quality for sub-catchments across North West 11 
England. Predictions are based on the regression models in Table 3. (a) Ca
2+
 (mg l
–1
); (b) 12 
Mg
2+
 (mg l
–1
); (c) pH; (d) NO3
–
 (mg-N l
–1
); (e) PO4
3–
 (mg-P l
–1
); (f) suspended solids (mg l
–1
). 13 
 14 
Figure 4. Maps showing the location of monitoring sites where linear models (Table 3) over- 15 
and under- predict mean chemical concentration. Values are the difference between observed 16 
and predicted concentrations. (a) Ca
2+
 (mg l
–1
); (b) NO3
–
 (mg-N l
–1
); (C) PO4
3–
 (mg-P l
–1
).   17 
 18 
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 Predictor variable 
Terrain Altitude, Aspect, Slope,  
Land cover 
Arable, Acid grassland, Bracken, Calcareous grassland, Exposed rock, Heathland, 
Improved grassland, Neutral grassland, Urban, Water, Wetland and Woodland 
Bedrock geology 
Coal measures, Conglomerates, Granites and lavas, Limestone, Shales, Siltstones, 
Sandstones and shales, Sandstones and mudstones 
Ground water recharge Base Flow Index 
Meteorology Rainfall 
 
Table 1. Predictor variables used in the stepwise multiple linear regression. 
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Basin Arable Urban 
Improved 
grassland 
BFI Ca
2+
 Mg
2+
 pH NO3
–
 PO4
3–
 SS 
  % % %   mg l–1 mg l–1   mg-N l–1 mg-P l–1 mg l–1 
           
Mersey 10.2 16.8 18.7 0.45 50.1 12.7 7.61 3.19 0.30 17.3 
 (0 - 56.9) (0 - 67.5) (0 - 65.0) (0.22 - 0.81) (4.18 - 199) (2.49 - 46.3) (4.36 - 8.43) (0.47 - 48.9) (0.03 - 4.62) (5.06 - 110) 
Ribble 4.56 7.76 31.9 0.37 44.2 8.15 7.86 2.41 0.34 15.5 
 (0 - 36.2) (0 - 37.1) (0 - 81.5) (0.27 - 0.61) (15.3 - 84.2) (1.90 - 33.3) (6.54 - 8.26) (0.39 - 14.5) (0.03 - 3.79) (3.60 - 82.7) 
Wyre 6.94 15.2 29.9 0.36 41.8 11.7 7.49 2.21 0.22 26.6 
 (0 - 42.3) (0 - 74.5) (5.06 - 64.7) (0.30 - 0.53) (5.54 - 122) (1.55 - 53.9) (6.67 - 7.98) (0.58 - 6.72) (0.03 - 0.63) (8.55 - 86.6) 
Lune 1.03 1.07 32.1 0.39 34.3 3.22 7.85 1.25 0.05 5.74 
 (0.03 - 3.92) (0 - 3.85) (4.69 - 68.5) (0.26 - 0.72) (8.91 - 80.3) (1.95 - 7.02) (7.31 - 8.25) (0.44 - 4.17) (0.02 - 0.24) (3.46 - 12.6) 
Kent 9.14 2.61 48.3 0.53 28.8 7.10 7.69 2.89 0.07 7.05 
 (1.38 - 51.2) (0.07 - 8.74) (18.1 - 73.1) (0.34 - 0.74) (9.55 - 59.7) (1.76 - 48.1) (7.40 - 8.21) (0.86 - 5.05) (0.02 - 0.28) (3.56 - 18.35) 
Leven 3.50 2.00 14.8 0.41 8.41 1.23 7.23 0.99 0.07 3.96 
 (0.35 - 17.3) (0.11 - 10.1) (2.85 - 51.1) (0.25 - 0.56) (4.31 - 18.3) (0.71 - 2.28) (6.89 - 7.83) (0.24 - 2.72) (0.002 - 0.24) (2.98 - 6.13) 
Esk 1.01 0.62 2.70 0.36 2.21 0.83 6.51 0.43 0.02 3.15 
 (0.42 - 1.52) (0.02 - 1.32) (1.35 - 4.82) (0.30 - 0.40) (1.58 - 2.77) (0.59 - 0.99) (6.15 - 6.76) (0.38 - 0.50) (0.015 - 0.016) (3.01 - 3.39) 
Irt 0.53 0.80 7.78 0.34 2.23 1.16 6.83 0.61 0.03 7.68 
 (0.11 - 4.48) (0 - 1.12) (1.95 - 20.0) (0.33 - 0.49) (2.04 - 6.24) (0.73 - 1.61) (6.64 - 7.23) (0.49 - 0.79) (0.018 - 0.023) (3.17 - 18.3) 
Ehen 8.40 1.19 29.5 0.46 21.4 2.78 7.44 1.43 0.05 15.07 
 (0.03 - 16.8) (0.26 - 2.48) (1.11 - 56.9) (0.34 - 0.69) (2.36 - 44.6) (0.84 - 5.16) (6.55 - 7.75) (0.42 - 3.05) (0.02 - 0.1) (3.55 - 31.8) 
Derwent 3.91 0.74 24.1 0.44 12.9 1.47 7.08 1.18 0.06 8.02 
 (0 - 14.9) (0 - 3.16) (0.52 - 72.8) (0.28 - 0.61) (1.49 - 93.2) (0.55 - 4.05) (6.36 - 8.08) (0.33 - 3.59) (0.004 - 1.4) (2.87 - 39.8) 
Wampool 13.1 1.19 68.8 0.41 n.a n.a 7.94 4.16 0.16 13.0 
 (5.54 - 17.7) (0.56 - 2.14) (64.5 - 78.5) (0.34 - 0.48)   (7.53 - 8.19) (2.50 - 6.30) (0.1 - 0.29) (11.59 - 15.0) 
Eden 7.57 1.41 46.7 0.47 43.6 7.53 7.89 3.04 0.11 8.12 
  (0 - 25.4) (0 - 7.10) (2.17 - 84.6) (0.23 - 0.84) (1.67 - 171) (1.04 - 17.0) (6.92 - 8.25) (0.19 - 9.74) (0.002 - 0.39) (3.12 - 17.6) 
 
Table 2. Mean values for selected catchment characteristics and water quality for Environment Agency monitoring sites in North West river basins. Values in 
parenthesis are the range of catchment characteristics and water quality for individual sites within each basin. The river basins are shown in Figure 1. 
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Response 
variable Regression equation 
  
Ca
2+
 14.5 − 0.73*Slope + 0.51*Improved Grassland + 0.92*Urban + 0.16*Limestone; 
 p = <0.001, SEE = 10.2, n = 159; 
 R
2
 = 0.77 (where S = 0.56; S, IG = 0.65; S, IG, U = 0.74; S, IG, U, L = 0.77) 
  
Mg
2+
 5.18 + 0.48*Arable + 0.31*Urban − 0.57*Siltstone − 0.002*Rainfall; 
 p = <0.001, SEE = 4.45, n = 132; 
 R
2
 = 0.55 (where A = 0.34; A, U = 0.49; A, U, Si = 0.53; A, U, Si, R = 0.55)    
  
pH 
7.71 − 0.01*Granites and lavas − 0.02*Wetland + 0.004*Limestone − 
0.009*Heathland 
 p = <0.001, SEE = 0.34, n = 310; 
 R
2
 = 0.60 (where G = 0.37; G, W = 0.53; G, W, L = 0.58; G, W, L, H = 0.60)    
  
NO3
–
-N 0.24 + 0.11*Arable + 0.04*Improved Grassland + 0.02*Urban 
 p = <0.001, SEE = 1.45, n = 265; 
 R
2
 = 0.52 (where A = 0.39; A, IG = 0.50; A, IG, U = 0.52)    
  
PO4
3–
-P 0.02 + 0.01*Urban + 0.01*Arable + 0.0003*Area; 
 p = 0.001, SEE = 0.3, n = 283; 
 R
2
 = 0.23 (where U = 0.17; U, A = 0.21; U, A, Ar = 0.23)    
  
SS 15.5 + 0.38*Urban − 0.17*Slope − 0.06*Shales − 0.02*Altitude; 
  p = <0.001, SEE = 8.25, n = 281; 
 R
2
 = 0.50 (where U = 0.43; U, S = 0.47; U, A, Sh = 0.48; U, A, Sh, Al = 0.50)    
    
 
Table 3. Regression equations describing relations between river water quality and catchment 
characteristics across North West England. The R
2
 value for each model is shown together with the 
variance explained by each predictor variable. S Slope; IG Improved Grassland; U Urban; L 
Limestone; A Arable; Si Siltstone; R Rainfall; G Granites and lavas; W Wetland; H Heathland; Ar 
Area; Sh Shales; Al Altitude.  
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